“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1973 


Analysis of a descriptive model for hand 
motion distance In a Manual decision task. 


Stewart, Joseph Stanley. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/16456 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 








Library 
Naval Pestgraduate School 
Monterey, Cafifornia 93940 


ADUATE OGnOGL 


Horna 


einem 
ai 
oS 
ee ae 
oe 
CAD 
coal 
Carpe, 
oad 
CD a= 
— S, 


ANALYSIS OF A DESCRIPTIVE MODEL 


FOR HAND MOTION DISTANCE IN A MANUAL DECISION TASK 


by 


Joseph Stanley Stewart II 





Thesis Advisor: 


March 1973 


Anproved for public release; distribution unlincted. 


DON 





Analysis of a Descriptive Model 
for Hand Motion Distance in a Manual Decision Task 


by 


Joseph Stanley Stewart IT 
Lieutenant, United States Navy 
B.S., United States Naval Academy, 1966 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN OPERATIONS RESEARCH 


from the 


NAVAL POSTGRADUATE SCHOOL 
March 1973 





Library 
Naval Postgrady 


Monterey, ate Schoo! 


California O204L7 


ABSTRACT 


An experimental investigation was conducted to examine a descrip- 
tive model for hand motion under discrete uncertainty of the stimlus 
set. The design and implementation of an automatic, on-line, data 
collection device using cyclegraphic motion collection methods is 
described. Eight subjects were exposed to 2.2 to 3 bits of choice 
uncertainty. Response times, error rates, and hand motion distances 
were collected and analyzed. Hand motion distances were compared to 
straight line distances used in control panel design. Further inves- 
tigation indicated that the distributions of hand motion distances, 
for any stimulus, fit normal curves, and that variations in subject 
performance were significant. Perceptual aspects of the task and 


operator strategies are discussed. Further study is suggested. 
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I. RESEARCH OBJECTIVES 


In recent years a number of researchers have studied human responses 
to imposed stimuli. Efforts were directed toward understanding human 
operator response parameters, and toward development of accurate rela- 
tionships between measures of human performance and the stimulus set, 
work task, or work environment being considered. This paper is directed 
toward the investigation of one of those proposed relationships concern- 
ing hand motion distance. 

A precursor to the investigation was the design of laboratory equip- 
ment sufficient to allow rapid, automatic data collection. Designs 
offered in other works, while sufficient for those tasks, were not gen- 
eral in nature. A secondary objective then was the design of modern 
equipment, using recent technology and the data collection facilities 
of an on-line digital computer. That design is treated extensively in 


the appendices. 


A. BACKGROUND 

Industries and the. military services are adopting the computer as 
the central component in systems which are designed for machinery con- 
trol and information display. In tasks which require a decision, in- 
formation is processed by the machine and presented to the man at a 
control panel. The operator's decision processes using the data require 
time delays that are much greater than modern computer processing times. 
In time critical tasks, any delay is usually undesirable. Poor panel 
design at the interface can add to response time and increase errors in 


transfer of information between man and machine (Wargo, 1967). 





Proposed models which relate stimuli and physical dimensions to 
modes of action have been considered by a number of researchers, how- 
ever none have proved entirely sufficient to date. Consequently de- 
signers of control panels are presently without adequate descriptive 
models for hand motion. Early investigators in industry were interested 
in the improvement of work efficiency and work methods. Frederick W. 
Taylor is widely recognized for his work in time study and the redesign 
of manual work equipments. His methods predated those of industrial 
engineers. Micromotion study was created by Frank and Lillian Gilbreth 
who were interested in motion economy. Their early work with photo- 
graphy resulted in the cyclegraph and chronocyclegraph. Applications 
of the cyclegraphic technique were used in this study (see Appendix B). 
The works of Taylor and the Gilbreths laid the foundation for many motion 
prediction methods that have been accepted by industry (Barnes, 1968). 

More recent efforts have been directed toward measuring human in- 
formation handling capacity and response ranges. Rubin, et. al. (1952), 
investigated motion paths over a control surface and found that the 
response motion was comprised of a travel component and a manipulative 
component. Learning appeared to occur in the manipulative component 
alone. They concluded that motion complexity had very little to do 
with hare associated with the two components. Simon and Smader (1955) 
examined a decision task wherein a forced visual discrimination occurred 
during a complex hand motion. They reported that the necessity to dis- 
criminate between stimuli changed motion times. They also noted that 
industrial motion prediction methods did not Aes ae phenomenon. 

Early attempts to quantify the relationship between response times 


and discrimination between discrete alternatives were reported by Hick 





and by Hyman. They conducted laboratory experiments that consisted of 
subjects responding to randomly occurring lights (stimuli) by pressing 
appropriate buttons (Welford, 1968). Their results indicated a linear 
relationship between response time and the uncertainty of the stimuli 


as quantified by Shannon's so-called information metric. 
n 
2, : : 
H fa Log, (1/p, ) (1) 


where p; is the probability that stimulus i (Gil= 1h i. i occurs. 

Other investigators such as Fitts and Peterson (196l)), Mowbray and 
Rhoades (1959), Hilgendorf (1966), Whitefield (1966), Bernstein, et. al. 
(1967), and Remington (1971) extended the overall understanding of the 
relationship between subject response and the uncertainty in stimuli 
over a wide range of laboratory conditions. These are reviewed in 
Welford (1968). 

In 1970 Kuttan and Robinson supported much of the earlier work 
while showing that first order models were appropriate but imperfect 
descriptors of response hand motion. The relationships borne out in- 
volved the models of Fitts and Peterson and the early work of Hick. 
Further evidence of task dependencies was offered by Redelman (1970) 
and by Scholes (1970), who tied motion time and response time to 
direction of the response as well. 

Most recently Thomas, et. al. (1973) offered a model for hand motion 
in the manual ~ decision task. The descriptive equation, presented in 
section II, addresses hand motion distance associated with discrete 
uncertainty in the stimulus set. The results of an experimental in- 
vestigation of that model, by methods outlined in Section III, are 


presented in Section IV. Discussion and conclusions in Section V are 





augmented by a proposal for further investigation using the equipment 


which is now available. 
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IT. THE DESCRIPTIVE MODEL 


Most current practices in equipment design and many investigations 
of response phenomenon assume that the operator's hand motion, in re- 
sponse to a cue, traces a direct path. The path is between a terminal 
position of the preceding motion (Base) and the latest response control. 

The proposed model, on the other hand, deals with the Sub) ccitzac 
perception of the stimulus set. It is postulated that in response to 
stimuli whose probability of occurrence are’ not uniform, the subject 
will perceive a most likely response control m and, through learning, 
will engage in motions of the hand over a distance ds (m) = d(m) = ds (m)' 
where d,(m) is the direct distance from the terminal point of a pre- 
Peeding motion to a position above the perceived most likely response 


d,(moi)’ 
——— ——— 


<i-d: (m1) 


S my 


d(m) 

; ee 
Cag 20° 
© aS ae 


BASE 


d., (m) = al (nu) ds (m)'! 
Proposed Path Method 


FIGURE 1. HAND MOTION DIAGRAM 
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and, d5(m)! is the measured distance from that point to response 
eyeigaeieodl Gj Mee 5 6 caine 

An illustration of these component vectors is shown in Figure 1. 
The method used in the investigation of this model is described in the 


following section. 





JIT. THE LABORATORY EXPERIMENT 


eee THe TASK 

ere manual - decision task was presented through use of a fan shaped 
button board which is shown in Figure 3 and described in Appendix A. 
The button numbering system ran counterclockwise from the lower right 
position which increased the psychological difficulty of the task by 
opposing circular display convention. The stimuli were presented 
visually one at a time when the subject initiated each cycle. No ap- 
preciable time delay occurred between initiation of a cycle and stim- 
lus appearance. The required response consisted of a reach to the 
button which corresponded in number to the stimulus. 

Eight integers (1,...,8) were selected as the stimulus set. Shan- 
non's information measure was used to determine the uncertainty asso- 
ciated with a particular proposed mix of the proportions of the eight 
integers on a tape. The methods given in the computer programs section 
of this paper were used in producing four tapes of 500 integers, each 
followed by a zero. The zero display was uSed as a feedback item to 
indicate cycle completion and was considered to convey no information 
pene to the decision task. The task was simulated during tape 
production to provide theoretical motion distances. These were com- 
pared in Section V with experimentally derived data evoked by the 


identical character string. 


sy 








TABLE I. ENTROPY OF THE STIMULUS SETS 





TAPE STIMULUS PROBABILITIES (p, ) H(p) 
1 2 3 iD 5 6 i 8 

Practice 
Session 1 eee oe eon e >a 25,125, eee 3125 5 
Practice 
Session 2 OJ eo, OS EC OO, oO (een 50, eet O, <0/ 2.022 
Practice 
Session 3 NO (2REEE® (25 op OOnm 0 (2 smeeO (em, »OT2 ure (2 me Ol2 BNGZ 
Data 
Session 05 cA eS. eb ses. Wes (20). Waemels Palo} 


Table I gives the probabilities for each tape which was administered to 
all subjects. The sequence was based on diminishing entropy for each suc- 
cesSive session. The sessions were self paced and no communication was 


necessary between experimenter and subject. 


B. THE SUBJECTS 

The subjects were six male and two female volunteers all of which 
were right handed and ranged in age from 26 to 3h years. All were in 
good health and had no physical disabilities. Einese subjects were 
tested during four sessions which were spaced an average of 3.5 days 
apart. Three practice sessions preceeded the data session. Their 
purpose was to provide subject training and familiarization on the 


equipment. 


C. THE EQUIPMENT 

The laboratory equipment design stressed the on-line use of a 
modern digital computer, and advanced technology circuit elements. 
The block diagram in Figure 2 represents component relationships. A 


control panel was simulated through use of a button board arrangement 
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BUTTON PANEL LAYOUT 


FIGURE 3 
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and a digital read-out as shown in Figure 3. The panel was placed in 
an acoustical isolation chamber which also held camera apparatus. The 
chamber incorporated a two-way mirror which allowed continual observa- 
tion of the subject during the data sessions. A control bench posi- 
tioned outside the window contained tape reader, camera control, cycle 
counter, Brush recorder, Par arcont The sessions proceeded automa- 
tically after initiation, which allowed the experimenter freedom to 


observe subjects and to monitor recording equipment. 


D. PROCEDURE 

At the beginning of each session subjects were carefully instructed 
concerning the object of the test which was to minimize the response 
time per cycle while minimizing errors. Correct hand positioning was 
stressed prior to the start of each session and the button numbering 
system was reviewed. The seated operator, in executing the task, en- 
gaged in hand motions which ranged from the near-high position at the 
base button to the far-high at response buttons ) and 5. (Morgan, 
1963). Hand motions were baliie tie in nature, and control mantiad eet on 
was negligible. (Barmes, 1968). 

The sessions were completed in 20 to 30 minutes. Immediately upon 
exiting the chamber, the subjects were asked to complete a question- 
ta regarding their level of fatigue, a self determination of their 
performance during the session, and an estimate of the contents of the 
stimulus set. The results are examined in Section V.A. The experi- 
mental design offered the Seportunity for collection of 16,000 triads 
of data containing response time, hand motion distance, and correct 
response measures. Complete sets of response time data were collected, 


however, economic considerations forced a reduction in the collection 


Li 





of hand motion data. One 36 exposure roll of film was exposed on each 
subject during each of the first and fourth sessions. The exposures 
during the first session were taken in groups of nine frames from four 
different segments of the 500 cycle sessions. These frames were used 
as specimens of early performance. The ppeee ition served to familiarize 


the subjects with the camera. 
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IV. DATA ANALYSIS 


A. OBSERVED TENDENCIES AND SUBJECTIVE RESULTS 

In conducting the experiment three preliminary considerations were 
important. It was first necessary to examine the effects of error and 
fatigue for their impact on the data base. Responses to the question- 
naire were collected after each session which provided subjective in- 
dicators of fatigue and perceptual aspects of the stimulus set for the 
task. Tiredness in the limbs was considered absent in more than 50 
percent of the responses and, when present, it was judged to be of no 
consequence. The overall task was considered tiring less than half the 
time, and hl percent of the respondents claimed to be refreshed on task 
completion. Observations of subjects during data collection sessions 
indicated increases in the length of rest periods, repeated flexing of 
the arm and hand, and restlessness during the final 100 to 150 cycles 
of each session. The strip chart recorder that monitored successes 
also indicated changes in Peta during this period. A few subjects 
demonstrated increased variation in response times toward the end of 
the sessions. Fatigue or boredom could not be eliminated as possible 
causes for these changes in behavior. 

Subjects were instructed at the start of each session to minimize 
errors. The error rate per subject for ); sessions ranged from 1.15 
percent to 6.35 percent. Only one subject maintained an average error 
rate above 3 percent. The overall average error rate of 2.57 was con- 
sidered very acceptable. 

The second consideration involved the ability of the subjects to 


perceive the most probable integer (i.e. stimulus). In all cases the 


ey 





subjects were able to correctly detect and report the actual most prob- 
able stimulus. Certain subjects were able to designate two or more most 
frequent stimuli when they occurred, and they could give their relative 
frequency accurately against the background of stimuli. Determination 
of the most likely stimulus could be done when that number represented 
only 30 percent of the total stimuli. (Table I, Tape 2) A threshold 
proportion was not determined. 

Finally a best sequence of 36 characters from the stimulus stream 
of the fourth session was sought. Photographs from these 36 cycles 
would be used as data for hand motion calculations. Time data for the 
three practice sessions was used as a guide to the location of the best 
character string. The data from each subject for all three practice 
sessions was analyzed in 100 cycle increments. These data are summa- 
rized in Appendix C. The computer programs shown in the final section 
were used in determining such measures as sample mean, sample standard 
deviation, range, maximum and minimum response cen and in plotting 
eee See curves over any desired subset of response time data. The 
best segment for data collection in the fourth session was judged to 
be between the 300th and 00th cycles. Cycles 300 through 336 were 
chosen from that 100’ cycle ‘segment. 

The effects of learning on response time could not be determined 
because time considerations prevented the necessary replications of 
the task for any particular stimilus set. Examination of learning 
curves such as the one shown in Figure ) suggest some slight learning 
effects during a given session. At the end of the practice sessions 


the subjects were assumed to have attained the fully learned state. 
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B. RESPONSE TIMES 


Response time data gathered in the final session was analyzed to 


help in detecting strategies. 


A one-way analysis of variance was con- 


ducted using subjects as treatments and 00 response times per subject. 


Data was trimmed to minimize start up effects and obvious outliers. 


Summarized data is given in Table ITI. 


TABLE II. 
Subject Cycles 
I 00 
IT 00 
It 1,00 
IV ),00 
V 1,00 
VI ),00 
Vil 1,00 
VIII 1,00 


RESPONSE TIME SUMMARY 


Mean 
» 703 
- 768 
.686 
699 
17 
756 
829 
-795 


SF 
el 32 
226 


“Al yas 


160 


138 
182 
2123 


.150 


The resultant F statistic (37.153) 


1.489 
aor 
20 
5956 
1.038 
-7h9 
. 816 


indicated that performance varied greatly and between subject effects 


were significant. Multiple comparisons between pairs of these subjects 


resulted in the t statistics shown in Table TII. These statistics in- - 


dicate that the subjects could be grouped according to the distribution 


of their response times. The groups are shown in Table IV. 
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TABLE IIT. RESPONSE TIME t STATISTICS 


Subject 
Subject I II III IV Vv VI VII VIII 
I Nin GGPIie 5 3 O OO matisO31 1.732 Ap. 9.2 

II 5.71) b.960 1.590  .827 alia S92 

III 1.08 5.5 5.51 13.2) 9.39 

IV 4.528 691 12.26) 8.73 

V 789 O.G M705 

VI 6.636 3.305 

VII 3.505 

VIII 


TABLE IV. SUBJECT GROUPING 





Grou Subjects 
A. Ihe ILS aR 
Be ies Va 
Cc. VEE 

Tis 72" awe 


Ze 





C. HAND MOTION DISTANCE 

Thirty-six photographs of each subject were taken during the best 
segment of the fourth session. Distance measurements were accurately 
read to .05 inches using a standard photographic enlarger. Photo in- 
terpretation techniques (see Appendix B) were used to match actual di- 
mensions to projected dimensions. Each response distance was associated 
with its eliciting stimulus. ‘Actual image specimens are shown in 
Figures 5.a. and 5.b. 

The responses to a given stimulus number, across all subjects, were 
listed and ordered. Figure 6 shows the range of responses to each nun- 
ber, the mean response, one standard deviation each side of the mean, 
and the simulated distance described by the model for that stimulus. 


Differences between mean response distances and simulated quantities 


are listed in Table V. 


TABLE V 


DIFFERENCES BETWEKEN SIMULATED AND MEAN RESPONSE DISTANCES 
BY BLICITING STIMULUS 


Stimulus 


1 2 5 mn 5) 6 7 8 


een. 68 Oo. 1, 88 oa), 8.08 8.92 10.10 


Inches 


The mean response distance for each button by each subject was 
calculated. These statistics were used in a two-way analysis of vari- 
ance to determine differences in performance between and among subjects 
and between and among stimuli. The resultant ANOWTable is presented 
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TABLE VI 


ANALYSIS OF VARIANCE ON MBEAN HAND MOTION DISTANCE 


SOURCE SS DF MS F 

TOTAL 1012.07 63 

SUBJECTS 271 .63 7 38.80) 5.962 

TREATMENTS 21.52 7 60.218 9.252 
(Stimuli) 

ERROR 318.918 hg 6.508 


The F statistics are significant in both tests at all levels. Sig- 
nificant differences across stimuli were expected. Significant differ- 
ences across subjects were indicated in correspondence with response 
time data. 

Although the distributions of response distances to a particular 
stimulus were not known, the ordered data sets were found to fit normal 
distributions. An empirical cumulative distribution function was cal- 
culated and plotted versus the cumulative normal distribution function 
for the same data. The maximum allowable curve separation at the ith 
data point was calculated using the two-sided Kolmagorov-Smirnov 
"soodness of fit" statistic. This separation value was not exceeded 
at the .05 level in any data set. An example of curve fit is shown in 


Figure /. 
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FIGURE 7. PLOT OF EMPIRICAL CUMULATIVE DISTRIBUTION AND STANDARD 
NORMAL DISTRIBUTION FOR HAND MOTION DATA. 
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V. DISCUSSION AND CONCLUSIONS 


The investigation reported in this paper made full use of refined 
data gathering equipment in collecting and analyzing hand motion re- 
sponse data. Laboratory equipment functioned very reliably in a hands- 
off configuration. The results from the remotely controlled camera 
again demonstrated the value of the cyclegraph for accurate data 
collection. 

The human subjects evidenced a high state of interest and competi- 
tiveness throughout the experiment. Aspects of human perception and 
decision processes which may have effected response data could not be 
quantified. However, observation of and conversation with the subjects 
hint at the existence of individual strategies for the task. some 
motivational concepts expressed by the subjects were: 

a) the desire for error-free performance. 


b) a wish to perform the global minimum response time. 
(Subjects I, III, IV) 


c) attempts at defeating the task through stimulus pattern 
recognition. (II, V, VI) 


d) a parochial interest in measures of their own performance. (VII) 


These varied concepts may have dictated the strategies employed on the 
task. Groupings are generally the same as those arrived at by multiple 
comparisons associated with response time data for the final session. 


(See Section IV.B.) 


A. RESPONSE TIME DATA 
The experimental results, while secondary in importance to hand 


motion were interesting. 
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1. Distributions of time data suggest that four different strate- 
gies were used by grouped subjects in the fully learned state. 

2, Although subjective responses indicate minimal fatigue effects, 
observations of behavioral changes We nee be the result of fatigue 


were made in the final cycles of a number of sessions. 


B. HAND MOTION DISTANCE DATA 

Hand motion seemed to be tied in some part to a subject's appraisal 
of the pattern of the stimulus characters. It appeared that a prob- 
ability of occurrence was assigned to each of the Stingi atker seme 
100 cycles, and thereafter, only the 5 or 6 most likely were considered 
seriously. This Som of coding would have had the effect of reducing 
the uncertainty of the stimulus set at the expense of a slightly higher 
error rate. Further, most subjects tried to minimize response times by 
predicting the next character to arrive based on the short subset of 
four to six characters immediately preceeding. Im some cases it ap- 
peared that, using a reflex motion, the subject would depress the pre- 
dicted button before he had recognized the actual stimulus being 
displayed. Comments uttered by the subjects after such an occurrence 
stressed the point that the machine had "tricked" them. 

Atphoughweorreéy pene) SORE was stressed before each session, 
the subjects tended to contact the buttons with various parts of their 
hand using a slapping motion. The base button was frequently hit with 
the heel of the hand while the response buttons were contacted with 
the fingers. These tendencies accounted for the hand motion distances 
that occurred which were less than the minimal radial distance of | 


inches. (See Table V and Figure 6). 
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Conclusions based on hand motion data are supported by Section IV. 

1. Initial examination of motion distances showed that the model 
fairly accurately predicted hand motion when the required response was 
within 20-25 degrees of arc from the perceived most likely response. 
The ee responses were less than the distances described by the model 
‘for stimli which were outside of those geometric limits. 

2. The distribution of the distances moved in responding to the 
ith stimulus was assumed to be normal for all i. This assumption could 
not be rejected at the .05 percent level by non-parametric test proce- 
dures. 

3. An analysis of variance of the mean responses to stimuli showed 


Significant differences in response measures across subjects and across 


stimuli. 


GC. RECOMMENDATION FOR FURTHER STUDY 
Extended research in hand motion is necessary to improve work sur- 
face design. Further work on this apparatus should provide suitable 
data for a number of investigations. 
1. It is suggested that a base-line study be conducted in two 
areas: 
a. <A threshold proportion for the perceived most likely 
stimulus should be established. 
b. An investigation of learning over four sessions using 
purely random stimulus sets would provide a data base 
for the determination of learning effects. 
2. Individual analysis of 2,h4,6, and 8 choice decision tasks to 
study voluntary elimination of stimuli should be attempted. More re- 
fined subjective methods incorporating motion pictures or television 


recordings may lend information about such strategies. 
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3. Scholes (1970) offered a model which ties movement time and 
reaction time to Fitt's (195) index of difficulty and the required 
direction of motion for the task. It is suggested that investigation 
of this model be done using improved time collection abilities now 
available, and that cyclegraphic data be used for analysis of motion 
parameters. This would necessitate the modification of the button 
board to incorporate touch sense buttons so that an accurate index of 


difficulty can be established. 
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APPENDIX A: EQUIPMENT DESIGN AND SPECIFICATIONS 


The laboratory equipment design involved the use of standard research 
machinery, a modern digital computer and advanced technology circuit 
elements. The major components were a button panel with stimulus, an 
integrated control circuit, a 35mm camera, and an on-line digital com- 
puter. 

1. Button Panel 

A control panel was simulated through construction of a push- 
button board. Button switches were placed in a symetrical, fan shaped 
layout with eight response buttons situated at a radius of eleven inches 
from the base position. The first button was placed on the radial 
twenty degrees above the horizontal base line. Successive buttons were 
spaced at 20 degree intervals along the radial arch. A ninth button, 
called the base or zero button was placed at lower center. See Figure 
2. The numbering of the buttons was sequential running counterclock- 
wise from the lower right position. They were not individually labeled. 
(The use of an unconventional numbering system increased the difficulty 
of the task). All buttons were wired through bounce suppression cir- 
a. (Figure A.2, Drawing |) to the control circuit. 

The buttons were’ mounted in a plexiglas sheet .25 inches thick, 
which was fitted rigidly to a light table. The plexiglas was painted 
black and etched catia a two inch grid pattern. A one foot line, 
etched in one inch graduations was also provided. The etching per- 
mitted the back-lighting to show through for ~hotographic purposes. 

The stimulus was provided by a seven segment readout, which 


was mounted on the plexiglas at top center of the board. 
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2. Conwrol Circuit 

Distribution of stimulus and response signals was accomplished 
through the use of a logic circuit constructed of integrated circuit 
chips. (Figures Al.a and Al.b). A pulse from the base button, or from 
any of the response buttons caused a paper tape reader to step. The 
binary code from the stimulus tape was read and subsequently decoded by 
two integrated chips of specialized design. The first chip displayed 
the binary code as an integer on the seven segment display. The second 
chip decoded the input into nine individual leads, each corresponding 
to an integer O through 8. These leaders were combined with leads from 
the like numbered push buttons through logic sub-circuits. Available 
logic combinations provided signals which performed the following five 
functions: 

a. correct response indication 

b. tape reader advance 

Cc. camera control 

d. cycle counting 

€. response time signal distribution 

3. Response Time Measurement 

The response time for each cycle was defined as the time between 
Reprete on of the base button and depression of any response button. 
Signals from the base button were delivered to channel 1 of the AME-8 
A to D converter unit on the PDP-8 computer. The computer was in- 
structed to interrogate channel 1 at 15 nanosecond intervals by the 
data collection program. Upon the receipt of a spiked pulse, the 
internal clock was started. It continued to count in millisecond 


units. The signal from any one of the response buttons was delivered 
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to channel 2 of the converter. When a spike pulse was received, the 
clock was stopped and the value of the wnit counter transferred to 
memory under A ninber label corresponding to the completed cycle. In- 
terrogation was then transferred back to channel 1. After 500 counted 
cycles, the computer stopped interrogating and produced the data array 
on punched tape or typed listing. The data collection program is 
listed in the Computer Programs section. 
4. Motion Photography 

Collection of hand motion data was accomplished through time 
exposure photography. A Topkon Super-D 35mm camera with automatic film 
advance was positioned above the work surface at a distance of 28.5 
inches. The field of view of the camera encompassed the board and the 
digital light. Slow speed black and white film was used to capture a 
single hand motion per frame. A small light was attached to the back 
of the subject's hand. Electrical connectors on the camera were attached 
to the control circuit through a small interfacing and sequencing cir- 
cuit. A schematic of this interface is provided in Figure A2, Drawing 1. 

A pulse from the base button opened the lens on the camera. [It 
remained open until a pulse from any response button was received. The 
second pulse closed ie lens and the film was advanced by the motor 
wind. “The time exposure mode was selected because the response times 
varied across a number of the available fixed exposure durations. 
Lighting conditions and f-stop settings were experimentally determined 
so that exposures contained the grid depiction and the light streak, 
but had suppressed images of the hand. Figures 7.a and 7.b are ex- 


amples of the results. 
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-S. Success Determination 
Logic circuitry as shown in Figure Al.a. provided a spike pulse 
whenever the response matched the stimulus being presented. These were 
recorded on a standard two channel Brush recorder at 1 mm/sec. Total 
successes after each session were subtracted from total cycles in cal- 
culating total errors. 
6. Equipment Specifications 
Camera: 
Beseler Topkon Super-D 35 mm SLR still camera 
Motor drive film advance with battery pack 
58 mm f 1.4, Topcor automatic lens 
Buttons: 
Grayhill push button two position (n.o.) switches 
Tape Reader: 
OHR-tronics Model 166 single direction 8 channel paper tape reader 
Max Frequency: 30 characters/Sec 


Integrated Circuit Chips: 


Signetics or Fairchild Sealy dicitval TTL 
Chip Number | Quantity Description 
Thhe 1 BCD Decoder 
| Thh7 | 1 Lamp Driver/Decoder 
7,00 2 Quad 2 input Positive Nand 
Gate 
7hOl 3 Hex Inverter 
7403N 2 8 Input Positive Nand Gate 
7 Segment Digital Display: Alco Mosaic Readout 3-5 Volts 
2h) Volt Power Supply 1 
5 Volt Power Supply 1 


Sif 





WYEDVIGC OIDOT LINOULO IONLNOO “*P*1y auNdIa *V XICNAddV 





| Teuueup: 
Iayteauog C/V 
geqnduog OF 


i 
‘ 07 ’ f 


Z Teuueyg 
I9YLeAU0D C/V 
Jaqgnduog of, 


qPNoITO 
Tor .Uog 






CV PL 


JOYEOTPUL sseoong = <fj—————————o} 43093 
Lepxzosay ysnig oy 
aoe 


@ pue q, sornsty qnopesy 
qPnortoqng YyTM * quauseg | f 


YIALUG ee 
S0eJISYUL SeyeoOTpUy WeASS 4300330 


| 
A WV 1 penned ODE 





38 








CONTROL CIRCUIT SCHEMATIC 


FIGURE Al.b. 


APPENDIX A. 
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“APPENDIX A. FIGURE A2. PERIPHERAL SYSTEM SCHEMATIC 
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APPENDIX B. CYCLEGRAPH INTERPRETATION 
is FL = Focal Length 
Distance from focal plane to lens 


center 


IS = Image Size on film at focal 


plane 


DL = Distance from lens center to 


object or projection 


Se Actual Size of object at distance 





DL or length of travel at distance DL 


AS 
FIGURE Bl 
PHOTO INTERPRETATION GEOMETRY 
= = = is the geometric relationship. If the blow-up is larger 


than the size of the original negative by a multiplication 
factor the effective mathematical adjustment is to multiply 
focal length (FL) by that same factor. 

For this study representative lengths were: 


_FL = 1.378 inches © AS = 12 inches for reference line 


IS = 28-mm x 35 mm DL = 28.5 inches 

Actual negatives were enlarged 8 times for reading purposes. A 
one inch grid segment on the button board was represented by a length 
of .386 inches on this blow-up. The image of the scribed one foot 
reference line was matched exactly to a l|.63 inch line on the projec- 


tion surface prior to the reading of each negative. See Figure 2 this 


Appendix. 
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APPENDIX B. FIGURE B2. ENLARGER WITH PROJECTION 
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APPENDIX C. TIME DATA SUMMARY 


Response Time Data Summary for Three Practice Sessions 


Subject Cycles Mean oO” Minimum 
First Practice Session 

T 96 1.063 19862 oO 
II 97 WeO607 © 2.2135 72 
Til 98 872 189 593 
IV 97 99h36 .1555 . 708 
V 500 99 .1678 .618 
VI 95 Paeay efi g 735 
VII 500 1.060 »1579 826 
VIII 187 imeen 2338 alee 
Second Practice Session 

di hog B15 0971 ews 
Ta 500 1O359 mel? 12 581 
Lifer h99 Wises A1eXe 52 
IV 500 -798 »095 57h 
V 99 869 .1392 62)) 
VI 500 8h28  3=.1),21 535 
VII 500 865 .1216 696 
TAL 93 Sole 72 581 
Third Practice Session 

T 500 Dp OSTamE. | 523 Sie: 
TI 187 Wes eaRSh .285 
nr 92 Meg, — Gee. 261 
Iv h97 wale 165); .289 
V 98 S133 SSG . 388 
VI 188 ~7335 .2015 269 
VII h9g 67351 Se 2293 
VIIl h96 794) 175 565 


13 





R 
R 
R 
R 
am 
D 
p 


“Omnhs WN — 


COMPUTER PROGRAMS TAPE PRODUCTION AND SIMULATION PROGRAM 


EM -PROGRAY TO SIMULATE THE ACTISNS OF A 4AN AT A CINTRIL 
EM - PANEL UNDER STI4ULI WITH DIFFERING PRIBSABILITIES DF 
EM - JCCURRENCE-e. ANSVERS ARE LISTED AS "“S4D"s THE SINGLE 
EM MITIIN DISTANCEs AND “3, THE TITAL DISTANCE FOR TN 
E44 - TRIALS» 
[IM P€3)5503)5006353) 
aN weer §N Pl THX Ps ON SIICCESSIVE LINES.” 
FOR [=1 TO 83 : ; 
INPUT PCL) 
NEXT. 1 
PRINT "TYPE IN TITAL INTEGERS DESIRED." 
ero yf 
FOR,VHA TD) 8 
FOR Waa TQ 3 
READ DCVsY) 
NEXP iW 
NEXT V ; | 
PRINT “TYPE IN THE Y4IST Likely STIMULUS NUMBER.” 
INPUT Z 
N= 19N4=S4\38=4 
PRINT “ENT s “SAD Ss “TRIAL NDe“s "TOTAL DISTANCE” 
LET MSINTCOS €RNDC9)+1) 
SCM4)=SCOC4) 41 
[TF SC4)4N<PCOC4)96) TI 175 
SOM)=SC4)-] 
Gob 135 
NEN + | 
Pare Ne 3 INN PRINT 
Tia 2 UT 
tt POs ANSE tA 
PRINT 42 459N-145% 
eee — 152< (CG) 1) “135 
PRINT “Td& PRIPIRTION IF THE INTEGERS ARE?“ 
N=N-19 
EDix f=1 TJ 3 
PRINT SCIDZN 
NET ole 
DATA 49F49 Asa Ayn AoHa Aa DA 
DATA Aste 32325745945 1191401415916095359 1909592842673 
DATA 93s 3032595323259 77x SPALL 191401 419 162359329190 452 
DATA 43 72659243 3232945 30399 TeSP4a tla tae tats 140353 
DATA As 1ts 7269949 3¢RO53Fs Ae ZI Te SPAst tol ael4i 
DATA BAsl4el 4111372524530 329 As 3039572524511 
DATA As the BZOBslL4eL4lol1972e S243 30 FOan As 40 ZO 72 52L 
DATA 431964535 1423535 L4e 1 419119725943 2039545 3-R2 
DATA 9823 +67391923953916*353514¢1 415119729243 3-9994 
END 
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COMPUTER PROGRAMS 


The preceding program in BASIC was written and executed on the 
PDP-8 computer. The program requested the desired proportions of the 
integers that are to appear on the conor It then called a subroutine 
which generated a random number between zero and one. This random 
number was converted to a random variate (I) between 1 and 8 inclusive. 
The counter associated with that variate, S(I), was incremented and 
the proportion S(I)/n, where n was the total punched integers to date, 
was checked against the desired proportions. The number was rejected 
if that proportion was too large and all counters were decremented. 

An accepted number was punched on the paper tape followed by a zero, 
both in ASCII code. The accepted number was also used in the next part 
of the program. The later section was a simulation routine which used 
the theoretical model to calculate the individual motion distances and 
the cumulative distance moved for the exact character string being 
punched on the tape. 

The random number generator used to initiate the program was based 
on 12 bit word size and did not require a seed. The resultant number 
Serer aa a period of 102) numbers /Ref. By. Character strings were 
verified for randomess over 100 character segments and across the 
completed string. 

Each tape was punched with 600 integers in ASCII code.- The ASCII 
tapes were converted to binary code which could be pert by the tape 
reader through use of the following machine language program on the 


CDC - 160 computer. 


LS 





ASCII to BCD numbers 


0000 
0001 
0002 
0003 
oook 
0005 
0006 
0007 


0010 
0011 
0012 
0013 
ook 
0015 
0016 
0017 


0020 


{500 
4102 
7203 
0065 
6102 
0060 
2064 
0217 


LO7O 
1500 
bi0h 
7303 
0071 
6102 
0070 
7101 


0000 


STIMULUS TAPE CONVERSION PROGRAM 


1/9/73 


read 5 frames 


save lower 4 bits of number 


punch lower 4 bits 


return to start 
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TIME DATA COLLECTION PROGRAM 


REM - THIS PRIGRAM CONTRILS CHANNELS 1 AND 2 OF THE AYE-8 
RE4 -MULTIPLEXER. THE TI4E DIFFERENCE SETYEEN THE ARRIVAL 
REM -OF TY9 SIGNALS CAV 3E MEASURED TO +991 SEC. IF 

REM -THE FIRST TO ARRIVE IS ON CHANNEL 15 THE SECOND AT 
REM - 2-6 REQUIRED 4INI“4UM 4AGNITUDE IS «1 VOLT. 

10 DIM AC539) 

29 T=9ON\1=1 

25 PRINT "TURN THE PAPER TAPE PUNCH ON» PLEASE." 

33 PRINT "INPUT LIMIT OF NUYSBER OF TRIALS TO BE RECORDED." 
49 INPUT L 

109 IF ADCC1)<-1G69 TO 144 

153 SET RATE 31 

200 IF ADCC2)<-4G) TD 2a9 

219 LET ACI) =TIMC9) 

22% LET I=I+] 

222 IF I<L+1G) T2 149 

225 PRINT "WANT A HARD COPY NOW? TYPE 1=YESs 2=VD~-" 

996 INPUT JNIF J=26) 1) 262 

235 PRINT “"QUTPUT OF “sti "TI4& INTERVALS" 

233 PRINT “TRIAL 4s "RESPINSE TIME” 

243 FOR <=1 TOL 

253 PRINT <sACKI/1099 

255 T=TtaAld) 

253 NEXT < 

269 RESTORE 

261 PTP 

262 FOR V=1 TIL 

263 PRINT ACNISLABZA\THAT+ AON) 

264 NEXT N ; 

265 T=I/b 

266 TTY JUT 

267 PRINT "THE AVERAGE RESPONSE TIME IS"T/1A99"SECINDS.” 
279 STOP 

230 END 
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195 
200 


GENERAL DATA ANALYSIS PROGRAM 


DIM ACS3A) 


PRINT SeetNPOT THE NUABER DF DATA POINTS YOU WILL USE.” 


PRINT "' SAX AVAILABLE IS SAG." 
INPUT L\S=AN S2=9NC=A9NN=ON W=AN PHD 
M2=1AA\43=3 
PRINT “INDICATE DATA INPUT MODEs 1=PTR»2=TTY" 
INPUT 14 
IF M=2G) TO 119 
PRINT "POSITION TAPE AND TURN ON THE PTR" 
PRINT " WHEN READY TYPE IN A }." 
INPUT E 
PTR 
FOR [=1 TOL 
INPUT ACI) 
IF ACI)>S69 TO 92 
IF ACIT)<e41GO TI) 943 7 
IF ACI)>43 THEN M3=ACLI\NIF ACL) <M2 THEN 42=AC1) 
NEXT I 
TTY OUT\TTY IN 
GO TO 142 
PRINT "TYPE IN DATA POINTS AS INDICATED." 
PRINT "“PJINT" 
Pee 18 yee 
PRINT I 
INPUT ACI) 
IF ACI)>43 THEN M3B=ACTIONIF ACI) «42 THEN MO=AC1) 
NEXT I 
PRINT "TYPE IN THE UPPER BOUND ON DATA VALUES" 
INPUT Z 
PRINT “SeT FLAG-EARLY RUN=PsLAST RUN=2e" 
INPUT F2 
PRINT "TYPE STARTING PTe Nodes THEN STIPPSING PTe ND" 
INPUT ONINPUT LN\F=L 
FOR K=N TO F 
IF ACK)<7G) TO 139 \NIF FO=1GD TO 164 
LET FHL-P\ACKIHACFINVACK)=A9\K=K- 1] 
P=P+] . 
GD TO 199 
IF ACKY<-eAIGO TO 164 \C=Ct+ACK) 
S2=S2+( ACK) 142 
NEXT 
Nae oN =N 
D=SORCCS2-CCC82d)/N) IS ON=-4)) 
E=D/ SORON) 


4,8 





23D 
249 
245 
259 
255 
269 
252 
265 
3249 
322 
314 
315 
316 
318 
329 
325 
Sits) 
338 
342 
368 


361 


362 
363 
364 
UiGe2 
375 
373 
339 
398 
490 


PRINT Ns C/Ns Dos ks P\ CHAN DESBN EHZAN PHB 
PRINT "WANT NEXT GROUP=4s RANGE=3sNEW DATA=2 @R STOP=1?" 
EN PUT Ss 

IF S§<2G60 TD) 499 

Peo es<3G9 TU te 

IF S<46) TU 339 
N=Q\C=9NS2=0\P=H=9\D=HGNL=8 

GO TO 147 

RESTORE 

IF F2=1G0 TO 339 

Peeve atl 1G) FO 316 

C=" 7¥-INoo) TO 318 

C= aaa 

FOR M=KX TO C 

IF ACYI<ACM4+1)96G90 TO 335 
WEeACMINACMI=HZACM4 1 IVACMH+1) 297 

NEXT M 

NEAT E 

NEXT « 

NEXT I 

IF C€CCL<“94#LI)72)2INTOCCL=-94+1972)69 TO 364 
M1I=CACCL “94197274 AC CL -943)/9))7/2 

GO T9 365 

wae! VP CCL <4 |] 7) 419 

PENT ete Ut ANS “41s RANGES CACLI-ACH)) 
Pe tNieee tN 4 ACH) s “MAKTMU4="ACL)D 
GO) To 42 49 

PRINT “MINS "MBs UMAKH' 43s “RANGE="M3-“M2 
GO F2 24% 

END 
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aa 


DIM AC539d5Z7C1G@BZX2\USE 


TR 


FOR I=1 
Pa exe ON THE SCOPE FOR 
TTY OUT 
Een 
INPUT L 


PRINT 
INPUT 
PRINT 
INPUT 
PRINT 
PRINT 
CLEAR 


PLOTTING PROGRAM FOR PDP8 SCOPE 
OR TELETYPE OUTPUT 


e 


TD SAANINPUT ACIONNEXT I 
WARM-UP." 
INPUT THE NO- OF POINTS YOU WILL EXAMINE." 
"TYPE IN THE STEP SIZE" 

M 

"WHAT DATA POINT DO YOU WISH TO START WITH 2" 
(a) 
"NO! LOOX AT THE SCOPE AND CENTER THE DOT." 
“WHEN FINISHED TYPE 4 1." 


PLOT «55905 


FOR [= 


INPUT 


FOR I= 


rp 
ie 
ato ceo lee eS 


POI DER aN Ves | ol 


es CAG Sas VE 


F=2CC[- 


PLOW § ae 


PIR N=1 


DELAY 
N EX T 
Ne <7 


PR ieee 


T3 WS 


N 


I 


oie wax COPY? ives. P=YESs SNe 


iD 


INPUT X 


IF X=1G69 Ti 


122 


GO TO 
GOSS 


a3 
171 


199 


PRINT ‘WANT = Glee 
INPUT P 

IF P=1G) T2 
RESTORE 

PY OUT 
CLEAR 
GO TO 
END 

1 PRINT 
P2IiNy 
PRINT 
PRINT 
PRINT “RRR KKH KEKE KEK K RK ARE K KK KERR KEKE KEK KK ERK KEE K KE ED 
FOR <=9 TO L STEP A . 
F=€€CACK)-25)/2)*72 

IF E>=INTCE)+-5G9 TQ 2A45S 


one oes NON Slee ol = y Es 


vw 


169 


6 
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195 
299 
295 
219 
223 
220 
239 
240 
259 


GeiNTCe) 

GO TI 219 

G=INTCE+1) 

PRINT “*«"s TABCG)3"." 
PS G4 

NEXT A 

PRINT NPRINT NPRINT 
RETURN 

END 
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